Abstract
Introduction
. The steered MD (SMD) method 1 (Isralewitz et al., 2001 ) enables control of the positions and/or velocities of some specific 2 atoms by applying external steering forces in the appropriate direction. The SMD method is 3 widely used to investigate the mechanical behaviors of proteins, such as stretching of the 4 extracellular matrix (Krammer et al., 1999) and muscle proteins (Craig et al., 2002), 5 binding/unbinding of protein-substrate complexes (Isralewitz et al., 1997; Lu et al., 1998) and 6 adhesion proteins (Bayas et al., 2003; Vogel and Sheetz, 2006) and dissociation of phosphate 7 from G-actin (Wriggers and Schulten, 1997, 1999) . Thus, using the SMD method, we can 8 quantitatively analyze the structural dynamics of actin molecules under external forces 9 relevant to biological problems at the molecular level.
10
Our previous study (Matsushita et al., 2010) quantitatively evaluated the extensional and 11 torsional stiffness of a single actin filament under no external forces based on an analysis of 12 thermal fluctuations in the molecular structure using the MD method. The present study used 13 the SMD method to investigate the effects of tensile force on mechanical behaviors of the 14 filament. We first applied a tensile force to the molecular structure of the actin filament that 15 was pre-equilibrated under a no-force condition. We then compared the mechanical behavior 16 of the filament under tensile force to that under no external force. ionic solvate was obtained using the same procedure applied in our previous studies 1 ( Matsushita et al., 2010) . The original actin filament structure is available from the Protein 2 Data Bank (PDB code: 1MVW) (Chen et al., 2002; Holmes et al., 1990) . As the actin subunits 3 in filaments under tensile force are mainly bound to ADP, ADP was placed in the individual 4 actin subunits in the filament, in which the initial coordinates of ADP were determined from 5 the ADP-bound monomer structure (PDB code: 1J6Z) (Otterbein et al., 2001 ). The entire 6 structure was solvated in a water box of dimensions 117118473 Å, to which Na + and Cl − 7 counter ions were added at a concentration of 30 mM. This system was equilibrated in an
8
NPT ensemble (pressure = 1 atm, temperature = 310 K) by performing MD simulation for 20 9 ns using NAMD 2.6 (Kale et al., 1999) with the CHARMM27 force field for proteins
10
( MacKerell et al., 1998 ) and the TIP3P model for water (Jorgensen et al., 1983) . We applied 11 periodic boundary conditions for simulations where van der Waals interactions were 12 calculated with a cut-off distance of 13 Å and electrostatic interactions were calculated using 13 the particle mesh Ewald method (Darden et al., 1993 from the perspectives of structural changes and mechanical properties. 
Results

10
Changes in molecular structure of actin filament
11
Quantitative analysis of structural changes in the actin filament under different , 2008) . In this study, filament length L(t) and twist angle of the filament (t) (Fig. 1C) 
16
were defined as follows (Matsushita et al., 2010) : where z plus (t) is the position on the z-axis of the center of mass of the G-actins G 13 and G 14 at 19 the plus-end, and z minus (t) is that of the G-actins G 1 and G 2 at the minus-end. 
of length over the 12-ns period were 326.7 ± 0.6 Å and 327.3 Kojima et al., 1994) and an applied external tensile force F = 200 pN.
17
Similarly, Figure 2C and Figure 2D show the rotational thermal fluctuations of the actin 18 filament under no external and tensile forces, and the probability distribution of the twist angle (t). As shown in these figures, the average (<(t)> 12 ns ) and standard deviation with a diameter equal to the magnitude of vector n minus (t) defined in Eq. (3), the 20.2 degrees 8 change in twist angle corresponds to a shear strain of 1.6% on the outer surface of the rod.
9
The magnitude of the 1.6% shear strain may be significant enough to induce changes in the 10 mechanical behavior of the filaments.
11
Changes in extensional and torsional stiffness 12 We estimated the apparent extensional stiffness ( ext () is expressed as follows: 
8 Figure 3A shows the change over time in the extensional stiffness ext () Figure 3C and Figure 3D , torsional stiffness tor ()
with an increase in t and converged to a value.
16
As shown in Figure 3B and Figure 3D , both extensional and torsional stiffness increased increasing sampling-window duration and is expected to converge on a certain value, given a 2 sampling-window duration long enough for the filament stiffness to converge (Fig. 3D ).
3 When compared to the longest sampling-window duration t = 8.0 [ns], torsional stiffness of 4 the filament under tensile force was 3.5-fold larger than that under no external force. In 5 contrast, the ratio of extensional stiffness exhibited no significant change. The increase in 6 stiffness due to tensile force was thus found to differ between extensional and torsional 7 stiffness.
8
Increases in torsional stiffness may be attributable to changes in the twist structure of the force F of 200 pN was applied to a filament consisting of 14 actin subunits, the twist angle angle due to thermal fluctuations were found to decrease, leading to increases in extensional 1 and torsional stiffness (Fig. 3B, 3D (Fig. 4) .
5
In order to focus on the fundamental characteristic of the dependence of the tensile force (Fig. 4) properties, analysis of thermally equilibrated molecular behaviors is necessary to achieve a 10 fundamental understanding of the mechanical properties of actin filaments. and chemomechanical coupling as they concern actin dynamics would thus be helpful. corresponding to a rotation of approximately -2 degrees, i.e., from -165 degrees to -167 7 degrees per subunit, in a direction opposite to that of the structural change when cofilin binds 8 to the filament (Fig. 5) . If the affinity of cofilin depends on the twist angle between subunits,
the results obtained in this study suggest that tensile force applied to the filament prevents Yamamoto, K., Sokabe, T., Matsumoto, T., Yoshimura, K., Shibata, M., Ohura, N., Fukuda, twisted by approximately -2 degrees per subunit from its structure under no external force.
When cofilins bind to the actin filament, the filament is twisted by approximately +5 degrees 6 per subunit from its structure under tensile force. 
